Experimental cross-sections are presented for the first time for the 159 Tb(d,xn) 155,157,159 Dy, 155,156,160 Tb and 153 Gd nuclear reactions up to 50 MeV. The experimental data are compared with theoretical predictions of the ALICE, EMPIRE and TALYS nuclear reaction codes. Integral thick-target yields are also derived for the reaction products that have practical applications.
Introduction
The aim of the work was manifold:
• Very few experimental data exist in the literature for lanthanides, both for proton and deuteron induced reactions.
• The quality of the database for activation crosssections of deuteron induced reactions is poor, compared to what exists for proton induced reaction. In our laboratories a systematic study of the activation cross-sections of deuteron induced reactions for different applications is in progress up to 50 MeV [1, 2] .
• Several radionuclides of the lanthanide group are becoming increasingly important in the field of nuclear medicine (diagnostic and therapeutic radioisotopes) [3] [4] [5] .
• The prediction capability of the nuclear reaction model codes is still limited in case of deuteron induced reactions. Further improvement requires comparisons with experimental data. As terbium is monoisotopic, the targetry is simpler and cheaper and the cross-section results for a given activation product are not infected by contributions of multiple processes on the different stable target isotopes, * Corresponding author: ditroi@atomki.hu hence no need for use of enriched target technology.
• Activation cross-sections on Tb are required for production of the medically related 159 Dy [6] and 157 Dy [7] [8] [9] and need to be compared with other possible production routes.
In a literature search only two experimental crosssections data sets were found, published by Duc et al. [10] for production of 159 Dy, 157 Dy and 160 Tb up to 27 MeV and by Siri et al. [11] for production of 157 Dy and 160 Tb up to 27 MeV. Mukhammedov et al. [12] measured integral yields of 159 Dy as a function of the deuteron energy up to 12 MeV for charged particle activation analysis.
Experimental and data evaluation
The general characteristics and procedures for irradiation, activity assessment and data evaluation (including estimation of uncertainties) were similar to what is discussed in several earlier works of our group [13, 14] . The main experimental parameters for the present study are summarized in Table 1 . The principal methods used in data evaluation and the used decay data are collected in Table 2 [13, [15] [16] [17] [18] [19] [20] [21] [22] and in Table 3 . The good overlap of the re-measured excitation function for the 27 Al(d,xn) 24 Na monitor reaction with the recommended values [23] is illustrated in Fig. 1 . 
Theoretical calculations
We compared our measured cross-sections with predictions of the ALICE-IPPE [24] , EMPIRE [25] and TALYS [26] nuclear reaction codes. The TALYS results were taken from the TENDL 2011 and TENDL 2012 nuclear reaction libraries [27] . We present both versions to show the improvements and the still remaining problems between the two versions of the code. In case of ALICE and EMPIRE we have used the codes modified for better description of deuteron induced reactions (EMPIRE-D and ALICE-IPPE D) described in more detail in our previous reports [28, 29] .
Results and discussion

Excitation functions
The measured cross-sections for the production of the activation products are presented in Table 4 and Figs. 2-8. All cross-section values of dysprosium radionuclides are due to direct production via (d,xn) reactions. The terbium radioproducts are produced only directly via (d,pxn) reactions or additionally through the decay of the shorter-lived isobaric parent dysprosium radioisotope (cum). The investigated 153 Gd is produced directly via (d,2pxn) reaction (including complex particle emission) and from the decay of parent 153 Tb radioisotope. The ground state of the produced radioisotopes above the direct production can be produced additionally through the internal transition of the isomeric state. The cross-section is marked with (m+) when the halflife of the isomeric state is significantly shorter comparing to the half-life of the ground state and the crosssections of the production of ground state were deduced from spectra after nearly complete decay of the isomeric state. [10] . The agreement with the results of the theoretical codes is acceptable, not counting the generally observed underestimation of the high energy cross-sections by the theory.
Production of
157 Dy (T 1/2 =8.14 h) The present and the earlier experimental data for the 159 Tb(d, 4n) 157 Dy reaction are shown in Fig. 3 . The agreement between all experimental data is acceptable. No explanation for the second bump around 50 MeV predicted by TENDL 2011 and 2012 was found. For comparison of the productions routes the cross-sections of Lebowitz et al. [7] for the 159 Tb(p,3n) reaction are also shown.
155 Dy (T 1/2 =9.9 h) No earlier experimental data were found in the literature. Comparison with the theory in the overlapping energy range shows a good agreement for EMPIRE-D, while the two other codes overestimate by a factor of 2 
We have only a few experimental data points at low energies around the maximum of the excitation function (Fig. 5) . Our experimental data are significantly higher than the experimental data of Duc et al [10] and a little lower compared to the data of Siri et al. [11] . The theoretical predictions of the two TENDL libraries are a factor of two low, compared to the experimental data, while EMPIRE-D and ALICE-D reproduce rather well the shape and values of our experiment. (Fig. 6) were deduced from spectra after nearly complete decay of the isomeric states (m+). No earlier experimental data exist for comparison. The data in TENDL libraries show that the ground state is produced mostly directly. The contribution from the isomeric decay is small. In the overlapping energy range the theoretical data slightly overestimate the experimental results.
155 Tb (T 1/2 =5.32 d) (cum) The measured experimental data (Fig. 7) are cumulative and are the sum of direct production and total de- cay of the shorter lived 155 Dy (9.9 h) parent radioisotope. By referring to the excitation function of the 155 Dy (Fig. 4 ) the main contributor to the cumulative crosssection of 155 Tb is the decay of the parent 155 Dy. This is confirmed by the results in the TENDL libraries. The best result is given by the EMPIRE-D model calculation, while ALICE-D and TENDL results overestimate the experimental values for the cumulative case.
153 Gd (T 1/2 =240.4 d) (cum) The experimental data for cumulative production of the 153 Gd are shown in Fig. 8 . The experimental data were deduced from spectra measured after decay of the parent decay chain ( 153 Dy 6.4 h, 153 Tb 2.34 d). No earlier experimental data are available. The theoretical calculations display a rather large spread of the corresponding yields. For all codes the main contributions below 60 MeV are connected with the α-particle emission channels and the additional increases of the production cross-sections above 60 MeV are produced by the cumulative channels related to the decay of predecessors. TENDL-2012 underestimates distinctly the direct production of 153 Gd, while ALICE-D and EMPIRE-D strongly overestimate it. The obtained differences of the code results are the consequence of models used for a simulation of the α-particle emission.
Integral yields
The so called physical integral yield (instantaneous short irradiation) [22] as a function of the incident deuteron energy was calculated from a spline fit to our experimental data and are shown in Fig. 9 10. The only measurement find in the literature is from Mukhamedov [12] for 160 Tb and 159 Dy. Our data are significantly higher than those given by Mukhamedov for both referred radioisotopes.
Comparison of the experimental and theoretical results
The comparison with the results of theoretical codes using global parameters shows that still large difference can be observed between the experimental results and the predictions the different codes. The new improvements for better description of the complex deuteron induced reactions resulted in a better description. The predictions for (d,pxn) reactions by of ALICE-D and EMPIRE-D are naturally the most successful, as the correction included is based more directly on the systematics of experimental data. The agreement with the 2012 TENDL version is better, but the (d,p) reaction is still strongly under-predicted.
Comparison of the production routes of 157 Dy and 159 Dy
Among the investigated reactions the routes leading to production of 157 Dy and 159 Dy have presently a practical interest. The two radioisotopes can be produced via various reactions. Out of these competitive production routes we discuss below the low energy, light charged particle methods in more detail, while summarizing briefly the other routes. • By neutron induced reactions via (n,γ) on the neighboring stable Dy isotopes. The production yield is high. It requires highly enriched Dy targets to have radionuclidic pure end-products. The product is of low specific activity and is not carrier free [31] .
• By photonuclear reactions [32] . The product has usually low specific activity by using (γ,xn) at the presently used intensities and it is not carrier free. The specific activity could be significantly increased by using the new high intensity γ-beams.
• By high energy spallation reaction and use of electromagnetic separators [33] . The method assures a high specific activity, but the yield is low and the product will be expensive. It can be used in cases when no other method is available. Mostly in case of exotic and uncommon radioisotopes.
• By low and medium energy light charged particle induced nuclear reactions. The production yield is acceptable high. In favorable cases production does not require highly enriched targets. The end product is mostly carrier free and has high specific activity.
For routine production, reactor production is often the most favorable, if the radionuclide fulfills the requirement of the applications (specific activity). Many medically interesting radionuclides can, however, be produced only with charged particle beams. The low and medium energy, high power (beams up to 1 mA) cyclotrons are also becoming more competitive for production of those radioisotopes, which presently produced in nuclear reactors. Photonuclear and spallation based methods are still not common, these methods need improvements on the beam intensity. The main production routes for 157 Dy and 159 Dy via light charged particle beam are summarized in Table 5 [7, 8, 10, 11, 30] . The excitation functions of the reactions are shown in Fig. 11 and 12 .
Taking into account that for many of the involved excitation function no experimental data exist, the excita- 
Production routes of 159 Dy
According to Table 5 and Fig. 11 the most favorable route for production of 159 Dy at a low energy cyclotron (k = 20) is the 159 Tb(p,n) process and at higher energies (k = 35) the 159 Tb(d,2n) reaction. The yield of the (d,2n) reaction is, like in many cases we discussed earlier, significantly higher than the yield of (p,n). According to Fig. 11 the cross-sections of the 3 He induced reactions are very small, similar to cross-sections of the (α,n) reaction. The (α,2n) process requires a 30 MeV cyclotron and highly enriched target. The cross-section is high but has lower yield comparing to the (d,2n) reaction due to the shorter range of the alpha particle. The 159 Dy can also be produced with high radionuclide purity on nat Gd by both ( 3 He,xn) and alpha particle induced reactions. In both cases the yield is low.
Production routes of
157 Dy
According to the Fig. 12 at a low energy cyclotron only the low yield 154 Gd(α,n) reaction is available. At commercial 30-35 MeV H − -cyclotrons the 159 Tb(p,3n) reaction results in high production yields. In the optimum energy range the amount of the simultaneously produced 159 Dy is small due to the low cross-sections of the (p,n) in this higher energy range MeV alpha beams, and the yield is significantly lower compared to the 159 Tb(p,3n) reaction. To get high radionuclide purity highly enriched 155 Gd and 156 Gd targets should be used in case of 3 He-particle induced reactions. The yield however is very low and the 3He beam is expensive even having recovery system for the gas in the ion source.
Summary and conclusion
The present work provides new data for the excitation function of deuteron induced nuclear reactions on natural terbium, which is actually 159 Tb. for the possible routes for production of 2 important radioisotopes 157 Dy and 159 Dy.
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